Methylmalonic aciduria (MMA) cblB type is caused by mutations in the MMAB gene. This encodes the enzyme ATP:cob(I)alamin adenosyltransferase (ATR), which converts reduced cob(I)alamin to an active adenosylcobalamin cofactor. We recently reported the presence of destabilizing pathogenic mutations that retain some residual ATR activity. The aim of the present study was to seek pharmacological chaperones as a tailored therapy for stabilizing the ATR protein. High-throughput ligand screening of over 2000 compounds was performed; six were found to enhance the thermal stability of purified recombinant ATR. Further studies using a well-established bacterial system in which the recombinant ATR protein was expressed in the presence of these six compounds, showed them all to increase the stability of the wild-type ATR and the p.Ile96Thr mutant proteins. Compound V (N-{[(4-chlorophenyl)carbamothioyl]amino}-2-phenylacetamide) significantly increased this stability and did not act as an inhibitor of the purified protein. Importantly, compound V increased the activity of ATR in patientderived fibroblasts harboring the destabilizing p.Ile96Thr mutation in a hemizygous state to within control range. When cobalamin was coadministrated with compound V, mutant ATR activity further improved. Oral administration of low doses of compound V to C57BL/6J mice for 12 days, led to increase in steady-state levels of ATR protein in liver and brain (disease-relevant organs). These results hold promise for the clinical use of pharmacological chaperones in MMA cblB type patients harboring chaperone-responsive mutations.
INTRODUCTION
Cobalamin, or vitamin B 12 , is an essential micronutrient that mammals must obtain from their diet. It is then processed via a complex pathway for the biosynthesis of methylcobalamin and adenosylcobalamin (AdoCbl), which, respectively, serve as cofactors of the cytosolic enzyme methionine synthase (MS, EC_2.1.1.13) and the mitochondrial enzyme methylmalonylCoA mutase (MUT, EC_5.4.99.2). The study of inborn defects of cobalamin metabolism has revealed nine complementation groups: cblA to cblJ and mut (1 -4) . In particular, defects in the mitochondrial enzyme methylmalonyl-CoA mutase (mut and encephalopathy, or a milder late-onset form usually diagnosed during infancy that has a less serious neurological outcome. While there is currently no cure for the disease, therapeutic options, including the dietary restriction of substrates, aim to reduce methylmalonic acid production and improve the clinical outcome. Pharmacological cobalamin supplementation is part of the usual treatment, although only 40% of patients show any biochemical response to it, and in many cases neurological manifestations persist. In those that do respond, significant improvements in clinical condition, growth and metabolic variables have been reported, although the levels of toxic metabolites never normalize (1) .
Efforts are now being directed towards exploring alternative therapies based on identifying new targets in the context of personalized medicine. Understanding the molecular mechanisms of pathogenesis underlying genetic defects can help guide the design and development of new therapeutic approaches. Several studies have shown that many human diseases are caused by loss-of-function mutations that impair the correct folding of affected proteins (11) (12) (13) . Over the past decade, pharmacological chaperones have emerged as novel therapeutic tools for rescuing misfolded proteins by stimulating and preserving their correct folding (14, 15) . Pharmacological chaperones are small, cell-permeable molecules that specifically bind and stabilize target proteins. Pharmacological chaperones have been investigated as a potential treatment for many genetic disorders that result from misfolded and/or unstable proteins, and proof-of-concept studies have been described for several human diseases such as lysosomal disorders, phenylketonuria and cystic fibrosis (12,16 -19) .
In a previous study, we reported the characterization of two mutations in the MMAB gene, p.Ile96Thr and p.Arg191Trp, both of which are associated with reduced ATR stability and residual activity (20) . The aim of the present work was to identify compounds with pharmacological chaperone potential for ATR. We demonstrate that N-{[(4-chlorophenyl)carbamothioyl] amino}-2-phenylacetamide, here after referred to as compound V, enhanced the stability of wild-type and p.Ile96Thr mutant ATR. It also increased the residual activity of ATR in patientderived fibroblasts harboring the latter mutation. The effect of compound V on the stabilization of recombinant wild-type and mutant ATR both as isolated recombinant protein and in patientderived fibroblasts is further increased when tested simultaneously with cobalamin. Finally, oral loading of compound V in wild-type mice resulted in an increase in ATR stability in the liver and brain (disease-relevant organs).
RESULTS

High-throughput screening for pharmacological chaperones
A subset of 2000 compounds from the MyriaScreen Diversity Collection was screened by differential scanning fluorimetry (DSF). Data analysis revealed a group of six compounds that shifted the T m of ATR between 6.0 and 178C. These six compounds (I-VI) were selected for further studies (Figs 1 and 2 ). ATR stability and activity in the presence of hit compounds
To determine whether compounds I -VI acted as pharmacological chaperones, their effect on the stability of wild-type ATR and the p.IleI96Thr mutant was studied. Table 1 summarizes the quantification of ATR by western blot analysis of the bacterial lysates grown in the presence of the potential chaperones. Compounds I -VI increased or tended to increase the steady-state levels of expressed wild-type and/or mutant ATR (Table 1) indicating an increase in ATR stability. Compound V (80 mM) had the largest effect on the mutant (Table 1) . Compound VI was the most effective in stabilizing the wild-type type ATR (Table 1) . Based on these results, compounds V and VI were selected for further studies.
The effect of compounds V and VI was then analyzed by measuring the activity of the lysates of bacterial cultures expressing wild-type and mutants (p.Ile96Thr and p.Arg191Trp), grown in the presence of 100 mM compounds. While no effect could be observed for compound VI, in either wild-type or mutant extracts, the activity in the lysates of bacterial cultures grown with compound V increased 1.5-fold for wild-type and 8-fold for the destabilizing mutation p.Ile96Thr. For the p.Arg191Trp mutant, which is also unstable, no quantifiable enzyme activity could be measured in the lysates of cultures grown without compound V, but some activity could be detected in its presence (data not shown).
A clear stabilizing effect of the p.Ile96Thr by compound V was observed in the time-dependent quantification of mutant protein in the bacterial lysates ( Fig. 3A and B) . Similar timecourse experiments were performed with lysates from bacterial cultures grown in the presence of 1 mg/ml (0.7 mM) OHCbl, which did not have any stabilizing effect on the expressed wild-type and only slight on mutant protein ( Fig. 3A and B) . Interestingly, the combined addition of compound V and OHCbl showed a slightly increased stabilizing effect of the mutant p.Ile96Thr compared with compound V alone ( Fig. 3A and B) . The combined effect of compound V and OHCbl was further analyzed using isolated recombinant wild-type ATR protein. We first measured the concentration-dependent thermal stabilization of ATR by OHcbl using DSF. Concentrations up to 25 mM OHCbl did not affect the thermal stability of the protein, and similar unfolding curves as for the controls (shown in Fig. 1 ) were obtained. But higher concentrations of OHCbl destabilized ATR slightly (1.58C) and gave poor curves due to quenching of fluorescence. Titration with compound V (0 -200 mM) in the absence of OHCbl showed that ATR is thermally stabilized by the compound at concentrations approximately .2 mM (Fig. 3C) , and by analyzing the effect of the ligand on the T m of ATR as described by Cooper and McAuley-Hecht (21), we estimated a K d ¼ 7.4 + 0.4 mM for compound V. In the presence of 0.75 mM OHCbl, this K d was not affected, but higher concentrations of the substrate increased the affinity of compound V (K d ¼ 5.4 + 0.5 mM with 3 mM OHCbl and K d ¼ 5.5 + 0.4 with 12 mM), resulting in increased stabilization at similar concentrations of the compound (Fig. 3C ). Comparatively, ATP, which had a negligible effect on the T m for ATR denaturation up to 200 mM, did not have any effect on the concentrationdependent stabilization by compound V (Fig. 3C ). The affinity of ATR for compound V appears comparable to the apparent K m values for ATP (6.4 + 0.4 mM) and 3.7 + 0.5 mM for cobalamin (22) . Given that pharmacological chaperones can act as enzyme inhibitors if they resemble the natural substrates (23), we tested the effect of compound V on the activity of recombinant ATR. The specific activity of purified recombinant human ATR was 0.23 + 0.04 U/mg at the standard assay conditions. In the presence of 40 mM of compound V, the activity remained comparable to that of control samples (0.27 + 0.02 U/mg) (Fig. 3D ). Comparatively, with 40 mM of compound VI, another of the initial hit compounds, the specific activity decreased to 0.09 + 0.05 U/mg, suggesting that compound VI, but not V might be inhibitory. At concentrations of 80 mM, no inhibitory effect was again obtained for compound V (specific activity of 0.30 + 0.14 U/mg). For compound VI at 80 mM, the inhibition observed at lower concentration appears reversed, suggesting a complex pattern of stability and activity effects for this inhibitory potential pharmacological chaperone.
Given that compound V showed a clear stabilizing effect on wild-type and mutant ATR and did not seem to be inhibitory, it was selected for further testing on cellular and animal models.
Recovery of residual activity in a cellular disease model
The therapeutic potential of compound V was further evaluated by its ability to increase total cellular ATR activity using patientderived transformed fibroblasts. Its effect at 40 and 80 mM on the propionate oxidation metabolic pathway was assessed using immortalized dermal fibroblasts from a patient bearing the mutations p.Ile96Thr and p.Ser174fs (20) incubated for 48 and 72 h with the compound. [ 14 C]-propionate uptake was quantified as an indirect measurement of ATR activity. Incubation with compound V at 80 mM for 48 h induced a slight increase in the residual activity (data not shown), while 72 h of treatment significantly increased ATR activity (5.4-fold). Indeed, it reached control range levels. An effect due to DMSO was ruled out since residual activity in the presence or absence of DMSO was comparable. In the same way as described earlier, the effect of compound V and OHCbl on the activity and stability of ATR was assessed. According to the results obtained with the patient-derived fibroblasts, OHCbl increased the incorporation of 14 C propionate (3.5-fold).
14 C propionate incorporation was further stimulated ( 17-fold) when compound V and OHCbl (1 mg/ml) were simultaneously present (Fig. 4A) . The levels of mitochondrial ATR protein were also slightly increased when both compound V and OHcbl were added (Fig. 4B) .
Supplementation with compound V to mice: effect on liver and brain ATR In addition to in vitro and ex vivo studies, experiments with whole organisms are pivotal for determining a drug's pharmacokinetics to assess whether it is adequately absorbed, distributed and excreted. To this end, the effect of compound V on the stability of endogenous ATR was examined in a wild-type mouse strain since a cblB mouse model is currently unavailable. Two doses (0.25 and 5 mg/kg/day) of compound V were administered orally every day for 12 days. No secondary effects of compound exposure (such as weight loss, automutilation, tumors, abnormal movements, etc.) were observed. The results showed an increase in the amount of immunoquantified ATR at the 5 mg/kg/day dose in liver and brain, two disease-relevant organs (Fig. 5) , supporting the stabilizing effect of compound V in vivo.
Molecular docking
The molecular docking of compound V (24,25) resulted in 49 clusters being identified in eight different pockets of the protein. The top-score cluster had a significantly lower FullFitness (26) than the others. This binding site is formed by residues at the C-terminal end of each subunit in the trimeric ATR (residues 228-240), and the loop 165-175, close to residue Phe170, which has been reported as a potential candidate residue for binding the hydrophobic surfaces of cobalamin (9) . The site is distant from the ATP binding site (Fig. 6A) . In this conformation, compound V could be able to form three hydrogen bonds with the backbone amide of Ala169 and the carboxyl acid side chain of Glu235, making it a favorable binding site (Fig. 6B) . The location of this binding pocket is consistent with the results obtained by DSF on the synergistic stabilizing effect of OHCbl and compound V and the absence of effect by ATP (Fig. 3C) . Thus, binding of OHCbl and compound V to their respective adjacent sites might lead to a greater packing and conformational stability of this part of the protein, and notably the loop 165 -175, than obtained by compound V binding alone. 
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DISCUSSION
Research into understanding how missense mutations trigger protein degradation is a growing field, the goal of which is to find new therapeutic options for protein misfolding diseases (27) . Particular efforts have been directed towards the use of drugs that increase the amount of native-state protein (12, 15) through increasing its stability and reducing the degradation of mutated but biologically active protein. Such research could lead to new orphan drugs for treating rare diseases within the context of personalized medicine (12, 17, 18, (28) (29) (30) . In the present study, we searched for compounds that enhance ATR enzyme stability, opening up the possibility of a new therapeutic strategy for the treatment of MMA cblB, which envisions a tailored therapy for patients harboring destabilizing mutations that could be used in combination with MMA conventional treatment.
Combinations of in vitro, ex vivo and in vivo approaches were used successfully in the search for compounds capable of stabilizing the ATR protein. DSF-based high-throughput screening Figure 5 . Effect of compound V in wild-type mice. Two groups of six wild-type C57BL/6 mice were orally treated for 12 days with 0.25 mg/kg/day or 5 mg/kg/day of compound V. The control animals (five mice) were treated with 10% DMSO in a 9% glucose solution, i.e. the vehicle for compound V administration. After treatment, whole liver and whole brain extracts were prepared and ATR protein levels detected by immunoblotting (represented as the mean + SD for each group).
* P , 0.05. (20) . No inhibitory effects of the compounds on the purified ATR protein were observed. A broad concentration window for compound V administration could be used for increasing a patient ATR activity up to the therapeutic range and is therefore available for a future therapeutic trial in selected cblB patients (18, 31) . The promising preliminary results obtained with compound V with the rare destabilizing mutations p.Ile96Thr and p.Arg191 Trp (20) open up the possibility of analyzing the response of other misfolding mutations of ATR (9, 31, 32 ). An in vitro evaluation of compound V effects is needed to determine which patients it might be beneficial for.
The efficacies of the potential pharmacological chaperones found by HTS were varied (Table 1 ) and it is possible that their co-administration might lead to synergistic effects, increasing the residual activity of mutant ATR, and combinations of the hit compounds could be tested for each mutation background. While the threshold for clinical efficiency in MMA is unknown, small increases in residual activity (5 -10%) might be sufficient to attenuate a severe clinical phenotype (17, 18, 32) . The synergistic effect of OHCbl and compound V on the activity and stability of ATR is noteworthy. The results suggest that vitamin B 12 administrated alone is not a natural chaperone; no increase in protein was detected in any experiment, and the vitamin did not cause any increase in the T m of recombinant wild-type ATR, as seen by DSF. Nevertheless, wild-type ATR is indeed stabilized in the presence of both substances, as well as the mutant enzyme in the bacterial and cellular model. The modeled structure of compound V bound to ATR, adjacent to the proposed cobalamine site (Fig. 6 ), appears to support the synergistic effect of both substances.
The present study suggests a possible clinical application for pharmacological chaperones in the treatment of MMA cblB type. However, putative toxic effects of compound V need to be assessed in an appropriate cblB animal model (33, 34) . The proof-of-concept work performed in the present study made use of wild-type mice since no available ATR-deficient mouse model carrying missense alleles was available. The results obtained in these mice in vivo suggest that compound V is efficiently absorbed and transported to tissues that are affected in MMA and that it crosses the cellular and mitochondrial membranes and increases ATR stability at a relatively low dose (5 mg/kg/day).
The ultimate goal in MMA treatment research is to prevent, or slow, the development of symptoms of the disease, including metabolic instability, strokes and kidney failure. Currently there is some controversy regarding the source of neurological dysfunction: it might be caused by methylmalonic acid produced in the neurons and/or glia in brain, or by it being made elsewhere in the body and being transported across the blood -brain barrier (BBB) (35) . If the brain is responsible for its production, a pharmacological chaperone would have to cross the BBB to be effective. The results obtained with mouse brain extracts are very encouraging since they suggest that compound V could cross the BBB.
In conclusion, the present work identifies a potential pharmacological chaperone (compound V) with in vitro efficacy in patient-derived fibroblasts carrying the p.Ile96Thr mutant protein and in wild-type mice. It is therefore a good candidate for therapeutic trials in selected cblB patients. Further, the excellent effects of cobalamin-reported over decades-in the treatment of cblB MMA patients might be improved by co-administration of compound V. Compound V might also be subjected to chemical modification to enhance its effectiveness; this warrants further investigation.
MATERIALS AND METHODS
Compounds tested for pharmacological chaperone potential
The library of small compounds tested in this study was the commercially available MyriaScreen Diversity Collection (Sigma-Aldrich, St Louis, MO, USA), where the compounds are dissolved to a final concentration of 2 mg/ml in 100% DMSO. The hit compounds from the screening were consecutively ordered from Sigma-Aldrich, prepared at concentrations of 10 mM in 100% DMSO and stored at 2208C, and their chemical structure confirmed by HPLC-MS/MS and NMR spectroscopy.
All experiments presented in this study were performed by the addition of compound dissolved in DMSO to the different assays and parallel control experiments were carried out maintaining the same concentration of DMSO (but without compound).
ATR expression, preparation of bacterial crude extracts and protein purification
Human ATR was expressed in Escherichia coli (BL21Star TM DE3 One Shot Cells) transformed with the NL173 plasmid. This plasmid, which is based on the pET41a vector, encoded either wild-type or mutant (p.Ile96Thr or p.Arg191Trp) ATR lacking the mitochondrial targeting sequence (20) . Protein expression was induced with 1 mM IPTG; 5 h after induction the cells were harvested by centrifugation (48C, 6000 rpm for 10 min) and frozen at 2708C until needed. Cell pellets were resuspended in 50 mM potassium phosphate buffer pH 8, 100 mM NaCl, 1 mM DTT, 1× Complete Mini, EDTA-free Protease Inhibitor Cocktail (Roche Applied Sciences, Indianapolis, IN, USA), 1 mM EDTA, 0.05 mg/ml DNAse and 0.3 mg/ml lysozyme. After 1 h, the cell suspension was sonicated and centrifuged (48C, 13 000 rpm for 15 min) to obtain the crude soluble cell extract, which was diluted to 1 mg/ml. This crude extract was used in protein stabilization studies and in crude bacterial extract activity assays. For further purification of ATR, the extract was subjected to ammonium sulfate precipitation and subsequent anion-exchange chromatography using a HiTrap Sepharose Q column (GE Healthcare, Buckinghamshire, UK) as previously described (36) . In all purification steps, the protein concentration was determined by the Bradford assay (Bio-Rad Laboratories, Munchen, Germany). Fractions eluted from the Sepharose Q column were subjected to SDS -PAGE to identify those enriched in ATR. Purified ATR was centrifuged at 10 000g for 10 min at 48C to precipitate aggregates, and then loaded onto a Superdex 200 HiLoad 16/60 size-exclusion chromatography column (GE Healthcare). The elution peak corresponding to the trimeric ATR form was recovered and used for ) estimated from the amino acid composition for ATR.
High-throughput screening for pharmacological chaperones
Ligand-induced ATR stabilization was assessed by an HTS protocol using DSF (37) , monitoring the thermal denaturation of purified ATR in the presence of the extrinsic fluorescent probe SYPRO Orange (Sigma-Aldrich). Protein solutions containing 0.086 mg/ml of ATR (3.2 mM ATR subunit) in 20 mM Na-Hepes, pH 7.0, 200 mM NaCl and 5× SYPRO Orange, were dispensed (49 ml) into 96-well PCR plates (LightCycler480 Multiwell Plate 96, Roche). One microliter of each potential chaperone compound dissolved in DMSO was added to each well to produce final concentrations of 0.04 mg/ml compound and 2% DMSO. Plates were incubated at room temperature for 30 min before loading into a Light Cycler 480 (Roche Applied Science, Indianapolis, IN, USA) for thermal denaturation. Control experiments with 2% DMSO were routinely performed. Unfolding curves were registered from 20 to 998C, at a scan rate of 28C/min. The increase in SYPRO Orange fluorescence intensity associated with protein unfolding (l excitation ¼ 465 nm, l emission ¼ 610 nm) was monitored as a measure of thermal denaturation. Unfolding curves were recorded from 20 to 958C, at a scan rate of 28C/min. The experimental unfolding curves were smoothed, normalized and analyzed using in-house software. The midpoint melting temperature (T m ) was calculated as the temperature at which half the protein is in the unfolded state. A compound qualified as a 'hit' if it increased the T m of the protein by ≥68C.
The concentration-dependent stabilization of ATR 0.15 mg/ ml (6.35 mM ATR subunit) by ATP and hydroxocobalamin (OHCbl) (0 -200 mM) was carried out using DSF at otherwise similar sample preparation, pre-incubation and scanning conditions as in the HTS protocol. Following this experiment, thermal stabilization titrations with compound V (0 -200 mM) were carried out in the presence or absence of either 40 mM ATP or 0.75, 3 and 12 mM of OHCbl.
Effect of the compounds on ATR stability in a prokaryotic expression system ATR stability was assessed as previously described (20) . Basically, ATR expression was induced with 1 mM IPTG in 10 ml E. coli LB cultures for 5 h in the presence of 40 or 80 mM compound dissolved in DMSO (final concentration of DMSO 0.1 or 0.2%, respectively) or the corresponding concentration of DMSO. To determine a possible synergistic effect of compound V and OHCbl on ATR stability, the same experiment was performed in the presence of 1 mg/ml (0.7 mM), of OHcbl a concentration commonly used to stimulate cells to incorporate 14 C propionate. Additionally, E. coli were cultured for 5 h in the presence of 80 mM of compound V dissolved in DMSO added together with OHCbl dissolved in water. The crude extracts, prepared as described earlier, were diluted to 1 mg protein/ml. Aliquots of equal amounts of total protein were incubated at 378C, and equal sample volumes were removed at different times for immediate analysis by SDS -PAGE or frozen until gel loading.
Enzyme activity assays
ATR activity was measured as described by Johnson et al. (38) with minor modifications. Briefly, 1 ml of reaction mixture (200 mM Tris-HCl pH 8.0, 1.6 mM KH 2 PO 4 , 2.8 mM MgCl 2 and 100 mM KCl) was dispensed into cuvettes and kept at 378C. Specific activity was measured with 40 mM ATP and 60 mM OHCbl (Sigma-Aldrich). In indicated experiments, 0-100 mM of compound V or VI were added to the reaction mixture. After titanium (III) citrate (30 mL) was added, the reaction was started by the addition of 10 mg of purified wild-type ATR. Alternatively, 50-100 mg of crude extracts from bacterial cultures expressing wild-type, p.Ile96Thr or p.Arg191Trp, grown in the presence of 0-100 mM of compound V or VI, were used to start the reaction. Anaerobic procedures were followed in the preparation of the reaction mix, the protein solution, compound solutions and the titanium (III) citrate solution. The reduction in absorbance at 388 nm was monitored to calculate the concentration of AdoCbl, with DA 388 taken as 24.9 cm 21 mM
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, and specific activity was expressed as mmol of product generated per minute and milligram of protein (U/mg). Experiments were performed in triplicate.
Biochemical data on the p.Ile96Thr-bearing patient and biochemical chaperone analysis in patient fibroblasts
The patient with the genotype c.287T.C/c.584G.A (p.Ile96 Thr/p.Ser174fs) has been described earlier (20) . This patient was placed under protein restriction, carnitine supplementation and oral OHCbl administration (5 ml/day). During therapy, the patient showed .1000 mmol/mol creatinine, plasma C3 levels of 10 mM and normal plasma odd-chain fatty-acid levels (,0.4%). Urine methylmalonic acid varied (,200-800 mmol/ mol creatinine). A dermal fibroblast cell line from this patient and healthy control fibroblasts were stably transformed with pBabe retroviral vector (kindly provided by Dr J.A. Enriquez, Centro Nacional de Enfermedades Cardiovasculares, Madrid). 5 × 10 5 transformed cells were plated and grown at 378C for 24 h in MEM medium supplemented with 2 mM glutamine, 10% fetal bovine serum and antibiotics. After treatment, the culture medium was discarded and replaced with fresh medium containing 40 or 80 mM of compound V for 48 or 72 h, or the equivalent volume of DMSO for controls. After this time, cell lines were grown for 18 h in the presence of [ 14 C]-propionate, and were harvested by trypsinization, followed by centrifugation, and were used to determine ATR activity, which was indirectly measured by [ 14 C]-propionate incorporation into acidprecipitable material in intact cells grown in basal medium (39) . Assays were performed in triplicate and results were examined statistically using an F-test analysis of variance followed by a onetailed, paired t-test. Significance was set at P , 0.05.
Alternatively, mitochondrial isolation from cell pellets was performed using anti-TOM22 MicroBeads (Mitochondrial Isolation Kit, Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, 8.0 × 10 5 cells from a healthy control and patient immortalized fibroblasts were seeded in T75 flasks and incubated overnight at 378C, and then for 72 h with 80 mM of compound V, 1 mg/ml of OHCbl or both. The cells were harvested Human Molecular Genetics, 2013, Vol. 22, No. 18 3687 by trypsinization and the mitochondria isolated following the manufacturer's protocol. Mitochondrial pellets were resuspended in 50 mL of storage buffer.
Animal studies
Seventeen female 12-week-old wild-type mice (C57BL/6J) were purchased from Harlan Laboratories (Harlan Laboratories Inc., Indianapolis, IN, USA). These were housed under standard conditions in compliance with European Community Guidelines (Directive 86/609/EEC) at the Centro de Biología Molecular Severo Ochoa, and maintained at a temperature of 22 + 18C under a 12 h/12 h light/dark cycle. All had ad libitum access to food and water and were handled in strict accordance with national and institutional animal welfare guidelines. Two groups of six animals (23-25 g) were orally loaded with a 25 ml suspension containing either 0.25 or 5 mg/ml/day of compound V in 10% DMSO plus 9% glucose for 12 days. The control group was treated only with the 10% DMSO and 9% glucose. Approximately, 30 min after the last dose, the animals were sacrificed using CO 2 . The livers and brains were rapidly removed and divided into two equal parts, one of which was frozen in liquid nitrogen for further studies. Fresh liver extracts were prepared in phosphate buffered saline with protease inhibitors; fresh brain extracts were prepared in RIPPA buffer [50 mM Tris-HCl, pH 7.4, 1% Triton, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na 3 VO 4 , 1× Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche Applied Sciences) and 0.25% Na-deoxycholate]. These samples were homogenized using a Tissue Lyser II (QIAGEN, Hilden, Germany) and the extracts clarified by centrifugation at 13 000 rpm for 30 min at 48C. The supernatants were stored at 2708C prior to SDS-PAGE and immunoblotting analyses.
SDS -PAGE and immunoblotting
Samples were loaded onto pre-cast polyacrylamide NuPAGE SDS -PAGE Bis -Tris 10% gels in the case of bacterial crude extract or 4 -12% gels for the murine tissue extracts (75 mg of liver or 150 mg of total brain extract) and separated using NuPAGE SDS MES running buffer (Life Technologies, Grand Island, NY, USA). Proteins were transferred to a nitrocellulose transfer membrane using the iBLOT gel Device System (Life Technologies). Poinceau staining was used to monitor equal protein loading. Immunodetection was performed using commercially available anti-ATR antibodies (ProteinTech Group, Inc., Chicago, IL, USA) as primary antibodies (diluted 1:1000 for the bacterial crude extracts, and 1:500 for the mouse tissue extracts). The secondary antibody used was conjugated goat-anti-mouse IgG-horseradish peroxidase (1:10 000 for bacterial extracts and 1:5000 for mouse tissue extracts) (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The mouse tissue extract membranes were also immune stained with a polyclonal antibody against mitochondrial Hsp60 (1:10 000). Signals were visualized using the Enhanced Chemiluminescence System (GE Healthcare, Munich, Germany) and the relative amount of protein determined using a GS-800 calibrated densitometer running Quantity One software (BioRad, Hercules, CA, USA). The prokaryotic stability experiments were performed in triplicate and were statistically examined using the F-test analysis of variance followed by a one-tailed paired t-test. Significance was set at P , 0.05.
Molecular docking
To identify potential binding sites of compound V, we performed an automated molecular-docking procedure using the webbased SwissDock program (24, 25) . The docking was performed using the 'Accurate' parameter at otherwise default parameters, with no region of interest defined (blind docking).
